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Abstract
The neutron and proton excitations in 16C nucleus have been investigated by use of the Coulomb-nuclear interference method
applied to the 208Pb+16C inelastic scattering. Angular distribution of the 16C nuclei in the inelastic channel populating the first
2+ state has been measured. The neutron and proton transition matrix elements, Mn and Mp, have been determined from the
“Coulomb” and “matter” deformation-length parameters obtained by distorted wave calculations. The Mp or its corresponding
B(E2;2+1 → 0+) value was found to be extremely small: 0.28 ± 0.06 Weisskopf units consistent with a recent lifetime
measurement. Furthermore, the extracted Mn/Mp ratio has an unexpectedly large value of 7.6 ± 1.7. These results suggest
that the 2+1 state in 16C is a nearly pure valence neutron excitation.
 2004 Published by Elsevier B.V.
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Open access under CC BYlated in nuclei. Although the neutron distribution is
determined with a lower accuracy compared to the
charge distribution, small differences could be re-
vealed between them except for some specific cases.
A large difference in radial distributions have already
been found in halo nuclei which raises the possibility
of the difference between proton and neutron deforma- license.
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eral parameters, the most model independent ones are
the transition matrix elements or transition probabili-
ties. Determination of the proton and neutron contri-
butions to the excited states can yield information on
the nature of the ground state proton and neutron de-
formations [1].
By comparing the results of proton inelastic scatter-
ing and Coulomb excitation measurements, a large dif-
ference between proton and neutron transition matrix
elements has been observed in the case of 20O [2,3].
Recent calculations [4] suggest different deformations
for proton and neutron distributions in carbon nuclei,
as well. The proton density is expected to be oblate,
while the neutron densities vary with neutron numbers
and a prolate shape is predicted for 16C.
Our aim was to search for these possible differ-
ent proton and neutron contributions to excitation of
the 2+1 state in 16C. For this purpose, we applied the
Coulomb-nuclear interference method [5,6]. In low
energy collisions, only the Coulomb fields interact and
from its cross section, the B(E2) value and the cor-
responding charge deformation can be deduced. In
high energy collisions with light projectiles, the nu-
clear interaction dominates and from DWBA analy-
sis of the cross section of the inelastic scattering,
the deformation of the mass distribution can be de-
duced. In certain conditions of energy and projectile-
target combination, both interactions play crucial roles
and as a consequence of their interference, a clear
minimum is expected in the inelastic scattering cross
section. From the place and depth of the minimum,
the ratio of the charge and mass deformations can
be determined. Using this information and the ab-
solute magnitude of the cross section of the process,
both the proton and neutron transition matrix ele-
ments can be deduced from a single experiment. In
the present study, the angular distribution of the ra-
dioactive 16C nuclei scattered on a 208Pb target has
been measured at the energy of 52.7 AMeV, where
the interference conditions mentioned above are ful-
filled.
The experiment was carried out at RIKEN Acceler-
ator Research Facility. A 100 AMeV energy primary
beam of 18O with 400 pnA intensity hit a 9Be produc-
tion target of 9.0 mm thickness. The reaction products
were momentum and mass analyzed by the RIPS [7]
fragment separator.A secondary beam of 16C at 52.7 AMeV with an
intensity of 4 × 105 particles/s was transmitted to a
208Pb target of 50 mg/cm2 thickness with an enrich-
ment of 99.5%. The secondary beam was isotopically
pure and the momentum resolution of the separator
was set to 0.1%.
The scattered beam particles were detected by a
plastic scintillator hodoscope of 1× 1 m2 active area
placed at 5 m downstream of the target. Forming a
13 × 16 matrix, it consisted of 13 horizontal 	E
and 16 vertical E detectors with 5 mm and 60 mm
thicknesses, respectively. The particle identification
was performed applying standard 	E–E and 	E
time-of-flight methods by setting individual gates on
each matrix element of the hodoscope. The Z gate
could be sharply adjusted, however the sigma value
of mass resolution was only 0.3 concluding in an
incomplete separation of 16C and 15C nuclei.
For tracking the beam, four parallel plate avalanche
counters (PPACs) with 100× 100 cm2 were used. The
uncertainty of the position determination of the PPACs
was about 0.2 mm at 1σ . Three of them were placed
upstream of the target at 113.5, 83.5 and 9.8 cm,
while the fourth of them was put downstream of the
target at 59.8 cm. The acceptance angle of the whole
setup was 4.5◦ at 100% with a beam size of 4 cm
diameter.
The scattering angle was determined by use of
the four PPACs and the hodoscope extrapolating the
trajectories to the target and calculating the angle
of the incoming and outgoing particles. The angular
resolution was determined by analyzing the angular
distribution of scattered 16C nuclei in the region where
the scattering angle was less than 1◦. It was found to be
0.28◦ at 1σ value. The dominating multiple scattering
effect in the target was accounted for 0.21◦.
The information on the inelastic scattering cross
section was deduced by detecting the deexciting γ -
rays from the 2+1 state of 16C in coincidence with
the 16C particles. They were detected by an array of
68 NaI(Tl) scintillator detectors that was shielded by
layers of 20 cm paraffin, 1 mm cadmium and 10 cm
lead to reduce the neutron and γ background radiation.
By using the position information of the detectors
in the array, the γ -ray energies were corrected for
Doppler effect converting energy of the γ -rays to the
projectile rest frame. The multiplicity of γ -ray hits in
the array was chosen to be 1.
36 Z. Elekes et al. / Physics Letters B 586 (2004) 34–40Fig. 1. Right panel: γ -ray spectrum of 3.0–3.2◦ scattering angle region fitted by GEANT curve (dashed line) plus a polynomial background
(dotted line). Left panel: γ -ray spectrum without any gate on scattering angle.The total inelastic cross section populating the first
2+ state corrected for the acceptance of the setup was
determined at 30.5 ± 2.8 mb using the information
on absolute full-energy-photopeak efficiency for the
NaI(Tl)-array (11.9%) calculated by the GEANT code
[8] and checked by source measurements. The uncer-
tainty of efficiency was 10%. The number of incident
particles was counted in the hodoscope by setting the
same particle-identification gates which were used to
produce the γ -ray spectra. By scaling down the trigger
for beam counting, the data acquisition trigger was ad-
justed in such a way to keep the rate at around 300 cps.
Individual γ -ray spectra were made applying 0.2◦-bin
gates on the events from 1.4◦ to 4.4◦ scattering an-
gle. The non-reacted particles caused poor signal to
noise ratios in γ -ray spectra at very forward angles
below 1.4◦. Thus, these angles were discarded from
the analysis. To determine the γ -intensity in each bin,the response of the setup was simulated by use of the
GEANT code adjusting the γ -energy resolution to the
measured one. As an example, the spectrum of 3.0–
3.2◦ is plotted in Fig. 1. A clear peak can be seen at
around 1750 keV which corresponds to the 2+ → 0+
transition (1766 keV) in 16C. The feeding of the first
2+ state from higher lying known states would have
resulted in peaks around 2.3 MeV. Since we have not
observed such peaks, the feeding was handled as a
negligible effect. The peak was fitted using the curve
from GEANT (dashed line) adding a smooth polyno-
mial background (dotted line) to it. The solid line rep-
resents the final fit. The systematic error of the net
area under the peak originating from the uncertainty
of background fitting was deduced by changing the
energy region to be fitted. It turned out that this er-
ror varies with the spectra for the different scattering
angle regions ranging from 1 to 6%, therefore it was
Z. Elekes et al. / Physics Letters B 586 (2004) 34–40 37Fig. 2. Differential cross sections for the inelastic scattering exciting
the 2+1 state in 16C. The bold solid line represents the best fit with
ECIS calculation which was smoothed by the angular resolution
of the experimental setup (thin solid line: Coulomb part, dotted
line: nuclear part). Dashed line is plotted with δM/δC = 0.67 local
minimum value.
added to the statistical error in the analysis discussed
later.
The differential cross sections for the scattering
angle bins were calculated taking into account the
solid angles covered. The resulting angular distribu-
tion of the inelastically scattered 16C nuclei is shown
in Fig. 2. The vertical error bars reflect the statistical
and systematic errors originating from background fit-
ting. The horizontal ones represent the angular bins.
The minimum from the Coulomb-nuclear interference
can be seen at about 2.6◦.
For the analysis of the angular distribution, where
both Coulomb and nuclear effects contribute to the
reaction, we used the coupled channel code ECIS95
[9]. The optical model parameters were taken from
an experiment where 17O was scattered from 208Pb at
84 AMeV laboratory energy [10]. The standard col-
lective form factors were applied. In this case, the
ECIS calculations require two free parameters for the
coupling potential: the “Coulomb deformation” βC
and the “matter deformation” βM characterizing re-
spectively the Coulomb and nuclear interactions be-
tween the target and projectile. It was found that the
shape of the calculated angular distribution mainly
depends only on the ratio of the two parameters re-flecting the one-step nature of the process. There-
fore, the ratio βM/βC was adjusted to get the best
fit to the relative cross section, and the absolute val-
ues of the parameters were obtained by normalization.
Finally, “deformation-lengths” (δ = βR) were deter-
mined using the mass and charge deformations mul-
tiplied by the mass and charge radius parameters ap-
plied in the ECIS calculations. A minimization χ2
analysis was carried out to find the appropriate ratio
of the deformation-lengths. The results are drawn in
Fig. 3, which is a contoured map of reduced χ2 val-
ues. Two minima can be clearly seen: a local one at
δM/δC = 0.67 and an absolute one at a value of 3.1
with reduced χ2 = 1.6. Another set of optical poten-
tial parameters [11]—where the reaction 16O+ 208Pb
was studied at 49.5 AMeV—was used to test the re-
liability of the deduced ratios of deformation-lengths.
It showed the same minima as above, however the re-
duced χ2 values, even for the best fit, were far worse
(6.0). Therefore, we adopted the results determined by
using the parameters in [10] and estimated the system-
atic error from the selection of optical potential set on
the basis of the results with [11] by taking the differ-
ence of the location of the minima observed with the
different parameter sets. Note that the elastic scatter-
ing data taken in the present experiment were well re-
produced by the optical potential with the parameters
in [10].
In Fig. 2, the bold solid and dashed curves corre-
spond to the results at the two minima in the χ2-map.
The calculated angular distributions are smoothed by
Gaussian functions according to the experimental an-
gular uncertainty of 0.28◦. The χ2 analysis thus results
in the ratio of the deformation-lengths δM/δC = 3.1±
0.5. By normalizing the curve to the data, the absolute
values of the Coulomb and matter deformation-lengths
are obtained respectively as δM = 1.3± 0.15 fm and
δC = 0.42± 0.05 fm. (Note that using negative signs
for both parameters at the same time, the experimen-
tal data can be fitted with same χ2 values.) The errors
include the systematic ones from background fitting,
selection of optical potential set and uncertainty in the
efficiency of the γ -ray setup.
This result shows that the mass deformation is
much larger than the Coulomb one. This extraordinary
feature becomes more distinct when the proton and
neutron transition strengths are extracted from the δM
and δC values derived. The role of the neutron and
38 Z. Elekes et al. / Physics Letters B 586 (2004) 34–40Fig. 3. Contour plot of the reduced χ2 values with different δM–δC combinations. Contours with values larger than 30 are not drawn.proton excitations in the 2+1 state can be characterized
by the neutron and proton transition matrix elements
Mn and Mp which are determined as [1]
(1)Mn
Mp
= bp
bn
(
δM
δC
(
1+ bn
bp
N
Z
)
− 1
)
.
It should be noted that Mp is directly related to
B(E2;2+1 → 0+) as B(E2;2+1 → 0+) = M2p . In the
formula above, N and Z respectively denote the
neutron and proton numbers of the nucleus, while bp
and bn are the sensitivity parameters of the inelastic
scattering to the proton and neutron deformations.
Based on the ratio of proton–neutron interaction to
proton–proton or neutron–neutron interaction in this
energy domain, the ratio bn/bp was obtained at 0.85
by counting 82 protons and 126 neutrons in 208Pb.
The ratio of the neutron and proton transition ma-
trix elements determined from Eq. (1) is Mn/Mp =
7.6 ± 1.7, where the error includes an additional
systematic uncertainty in the sensitivity parameters
(bn, bp). This value can be compared to the value of
Mn/Mp = N/Z = 1.67 that would be expected fora purely isoscalar transition. Another interesting ref-
erence may be the value obtained for 18O, which is
also a nucleus consisting of a neutron closed shell
plus two valence neutrons. This nucleus was investi-
gated by several methods and the weighted mean of
extractedMn/Mp ratios is around 2, which slightly ex-
ceeds the isoscalar value of 1.25 [3]. A larger ratio of
Mn/Mp around 3 was found for 20O [2,3]. Our present
value, 7.6± 1.7 represents the largest deviation from
the “normal” isoscalar case observed so far.
Taking into account the absolute cross section
determined, the value of the proton and neutron
deformation-lengths of δp = 0.42± 0.05 fm and δn =
1.9± 0.2 fm can be deduced. The proton deformation
corresponds to an electromagnetic transition probabil-
ity of B(E2)= 0.28± 0.06 Weisskopf units, while the
neutron deformation-length represents a value slightly
higher than the single particle one. Our B(E2) value
being significantly less than 1 W.u. is consistent with
the result of a recent direct lifetime measurement,
which gives B(E2) = 0.26 ± 0.05 [12], and is the
smallest transition probability ever observed. This un-
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the reason for the large value of the Mn/Mp ratio. This
fact is in contrast to the case of 18,20O isotopes where
the increased Mn/Mp ratio is interpreted as a result
of enhanced neutron contribution. Indeed, the charge
transition strength in 18,20O isotopes is a factor of 30
stronger than the present value found for 16C.
In a simple shell-model picture allowing for only
two valence neutrons above a closed 14C core, the
amount of core polarization can be estimated as [3]
(2)Mn/Mp =
(
1+ dn)/dp,
where d is the core polarization per valence neutron,
which is connected to the effective charge as en =
dn and ep = 1 + dp. Applying the usual assumption
of dn = dp, the neutron effective charge is en =
0.15e, much smaller than usual in the shell-model
calculations in the region (en = 0.5). This small
value obtained for the effective charge in 16C can
be considered as an indication of decoupling of the
valence neutrons from the 14C core. It is interesting
to mention that Sagawa and Asahi [13] also obtained
small neutron effective charge for the case of a
νs1/2 → νd5/2 transition by a direct treatment of the
core polarization in RPA approximation. This may
indicate that the 0+gs → 2+1 transition in 16C takes place
by excitation of an s1/2 neutron to the d5/2 state.
Regarding our initial aim prompted by the AMD
predictions in [4], our experimental results clearly
show that a very small proton deformation, or more
strictly a very small amount of proton excitation,
contributes to the 2+1 state in 16C. The excitation is
dominated by neutron transitions. This is consistent
with a picture drawn from the results of [4], where the
first 2+ state is collectively excited due mainly to the
prolate neutron deformation. Since the symmetry axis
of the oblate proton distribution is perpendicular to
that of the neutrons, the proton deformation effective
to the 2+ excitation is reduced from the initial one.
The extracted δp value is very close to the theoretical
one in [14]. However, the neutron deformation-length
δn is largely underestimated.
A recent shell-model calculation [15] predicts a
hard and stable proton closed shell. They contribute
only a little to the excitation from the ground to
the first 2+ state. As a result, the proton transition
matrix element is suppressed compared to the neutron
one. In this model, the ground state is dominatedby the ν(1s1/2)2 configuration, and the first 2+ state
is largely composed of the quadrupole excitation of
a neutron from the 1s1/2 to 0d5/2 state. This also
indicates the decoupling of the valence neutrons.
The calculated very large ratio of shell-model-space
matrix elements An/Ap might be the consequence
of the same phenomenon that gives the experimental
Mn/Mp = 7.6 ± 1.7 ratio. Similarly, a new AMD
calculation predicts a large ratio for neutron/proton
quadrupole moments of the 2+1 state [16].
Despite the above consistent pictures, there remain
discrepancies between the experimental and theoret-
ical transition probabilities. The AMD calculation in
[4] failed to reproduce the neutron transition probabil-
ity as mentioned above. The shell-model [15] and the
extended AMD calculations [16] somewhat overesti-
mate the experimental transition probabilities. These
discrepancies call for further theoretical studies to
fully understand the observed transition probabilities.
In summary, we have extracted the charge to mass
deformation ratio in 16C by use of the Coulomb-
nuclear interference method. As a result, the lowest
B(E2) value of 0.28 W.u. has been deduced so far
and the highest Mn/Mp = 7.6 ± 1.7 ratio caused
by the very small charge transition matrix element.
These results show that the 2+1 state in 16C practically
consists of pure valence neutron excitations. The
polarization of the closed 14C core by the valence
nucleons is extremely weak, which suggests that the
two valence neutrons are basically decoupled from the
core. This unusual nature may provide a new aspect
of decoupling of neutron and proton distributions in
unstable nuclei. Its possible relation to the halo or skin
structure is of interest. Indeed, an increased reaction
cross section was measured for 16C at relativistic
energies [17].
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